We have previously shown that co-administration of the transient osteoclast inhibitor, salmon calcitonin (sCT), blunts the anabolic effect of parathyroid hormone (PTH) in young rats and increases osteocytic expression of the bone formation inhibitor sclerostin (Sost). To determine whether this also occurs in adult animals, we co-administered sCT with PTH to 6-month-old sham-operated (SHAM) and ovariectomised (OVX) rats. While sCT reduced the stimulatory effect of PTH on serum amino-terminal propeptide of type 1 procollagen levels, in contrast to its influence in young rats, sCT did not reduce the anabolic effect of PTH on femoral bone mineral density, tibial trabecular bone volume or bone formation rate in 6-month-old SHAM or OVX rats. Quantitative real-time PCR analysis of femoral metaphyses collected 1 and 4 h after a single PTH injection confirmed a significant increase in mRNA levels for interleukin 6 (Il6) and ephrinB2 (EfnB2), and a significant reduction in Sost and dentin matrix protein-1 (Dmp1) in response to PTH. However, in contrast to observations in young rats, these effects were not modified by co-administration of sCT, nor did sCT significantly modify Sost, Dmp1, or matrix extracellular phosphoglycoprotein (Mepe) mRNA levels. Furthermore, while CT receptor (CTR) mRNA (Calcr) was readily detected in GFPC osteocytes isolated from young (3-week-old) DMP1-GFP mice, Calcr levels in osteocytes declined as mice aged, reaching levels that were undetectable in long bone at 49 weeks of age. These data indicate that osteocyte-mediated responses to CT are most likely to be of physiological relevance in young rodents.
Introduction
The maintenance of bone structure throughout life occurs by the process of bone remodelling, which consists of co-ordinated actions of bone-forming osteoblasts and bone-resorbing osteoclasts within a remodelling space, known as the basic multicellular unit (BMU). In adult animals, the amount of bone removed by osteoclasts in each BMU is matched by the bone-forming activity of osteoblasts, suggesting the existence of 'coupling' signals between these two cell types (Frost 1964) . The mechanisms by which coupling occurs may include release of growth factors such as transforming growth factor b and insulin-like growth factors from the bone matrix, or the production of secreted factors by active osteoclasts (Karsdal et al. 2008 , such as cardiotrophin-1 (Walker et al. 2008) , semaphorin 4D (Negishi-Koga et al. 2011) , and sphingosine-1-phosphate (Pederson et al. 2008) , or by contact-dependent mechanisms that could include ephrinB2 (EfnB2; Zhao et al. 2006) or semaphorin 3A (Hayashi et al. 2012) ; reviewed in Henriksen et al. (2014) .
When the rate of bone remodelling is increased, as occurs with injections of parathyroid hormone (PTH), any coupling signals from the osteoclast that stimulate osteoblasts should also be increased. This led us to hypothesise that osteoclast-derived coupling factors may be involved in the anabolic action of PTH (Martin & Sims 2005) . Consistent with this, in postmenopausal women treated with a combination of PTH and alendronate (a bisphosphonate therapy that blocks osteoclast action), PTH anabolic effect was reduced with alendronate treatment (Black et al. 2003) . Later work in mouse models indicated that mice lacking osteoclasts did not respond fully to anabolic PTH therapy (Demiralp et al. 2002) . Both of these earlier publications reflect the effects of a continuous blockade or absence of osteoclasts. Although salmon calcitonin (sCT) is not in common use as a therapy, it provides a useful method to rapidly and transiently inhibit osteoclast activation to determine whether this is required for PTH anabolic action. Indeed, we found that co-administration of sCT blocked the PTH anabolic response in normal young female rats (Gooi et al. 2010) . In addition to any coupling-mediated actions, we found that sCT treatment also increased the expression of sclerostin (Gooi et al. 2010) , an inhibitor of bone formation that is secreted by osteocytes. This stimulation of sclerostin by sCT is likely to be mediated by CT receptors (CTRs) that we, and others, identified in bone matrixembedded osteocytes (Paic et al. 2009 , Gooi et al. 2010 . PTH anabolic action suppresses sclerostin production (Bellido et al. 2005 , Leupin et al. 2007 and PTH anabolic action is limited in mice that overexpress sclerostin (Kramer et al. 2010) . Thus, sCT could impair the anabolic action of PTH through two independent mechanisms, or their combination: by blocking osteoclast activation (thereby reducing osteoclast-derived coupling factors) and stimulating sclerostin expression.
While sCT administration clearly reduced PTH actions on bone in our earlier study (Gooi et al. 2010) , this was carried out in young (3-week-old) rats with a high level of bone turnover, and hormonal and other features that do not reflect those of adult patients with osteoporosis, who would most commonly be treated with PTH anabolic therapy (Teriparatide). To explore further the influence of transient osteoclast inhibition and sclerostin stimulation, we tested the effects of combined treatment of sCT and PTH in 6-month-old sham-operated (SHAM) and ovariectomised (OVX) rats.
Materials and methods

Animal experiments
Female Sprague-Dawley rats were purchased from the Animal Resources Centre (Canning Vale, Australia). Dentin matrix protein-1 (DMP1)-green fluorescent protein (GFP) mice, that express GFP under the control of 8 kb of the Dmp1 promoter region and 4439 bp of the first exon, first intron and part of the second exon, to restrict GFP expression to osteocytes (Kalajzic et al. 2004) , were obtained from the colony of Dr Hong Zhou, ANZAC Research Institute (Sydney). The animals were housed in a 12 h light:12 h darkness cycle with food and water provided ad libitum. All animal experiments were approved by the St Vincent's Health Animal Ethics Committee.
To determine whether sCT administration modifies the anabolic response to PTH(1-34), 5-month-old female Sprague-Dawley rats (284G2.9 g) were either SHAM operated or OVX and allowed to undergo bone loss for 4 weeks. This experiment was carried out 6 months after our earlier study using the same peptide preparations (Gooi et al. 2010) . Synthetic human PTH(1-34) was purchased from Bachem (Bubendorf, Switzerland). Synthetic salmon CT was the kind gift of Dr M Azria, Novartis AG. The rats were randomly allocated to control (vehicle), PTH, sCT, or PTHCsCT treatment groups with seven rats per group. The rats were given daily s.c. injections, 5 days a week for 3 weeks, of either vehicle (0.9% saline with 2% heatinactivated rat serum), 30 mg/kg PTH(1-34), 0.3 mg/kg sCT, or a combination of PTH(1-34) and sCT (PTHCsCT) at the same doses. The PTH dose of 30 mg/kg was based on previous experiments in similar aged animals (McManus et al. 2008) . We used this dose to achieve an anabolic effect that could be measured with confidence, but was less than the maximal anabolic dose. The dose of 0.3 mg/kg sCT was based on an in vivo bioassay to determine the minimal dose to obtain a transient decrease in serum calcium in both young and adult OVX rats (Gooi et al. 2010) . The rats were weighed daily and doses were adjusted weekly according to weight changes over the 4-week period. Three hours after the last injection, a terminal blood sample was collected by cardiac puncture exsanguination. Tibiae were collected for histomorphometric analysis and femoral samples for analysis of densitometric and geometric parameters by peripheral quantitative computed tomography.
To determine the acute effects of each treatment on serum biochemistry and gene expression in bone, 5-month-old female Sprague-Dawley rats (254G5 g) were OVX. Four weeks later, the rats were randomly divided into eight groups of seven and treated after overnight fast with a single s.c. injection of vehicle, hPTH(1-34), sCT, or a combination of both hPTH(1-34) and sCT as above. Terminal blood samples were collected by cardiac puncture exsanguination under inhalation anaesthesia at 1 or 4 h after injection. The femoral distal epiphysis including the growth plate was removed, cleaned of muscle and ligament attachments and a subjacent 5 mm band of the metaphyseal primary spongiosa, including marrow, was resected and snap-frozen in liquid nitrogen for RNA preparation as previously described (Onyia et al. 1995) .
Biochemical analyses
Serum calcium was measured by reaction with o-cresolphthalein (Sigma-Aldrich). Serum levels of C-telopeptide fragments of collagen type I (CTX-1) were measured using the RatLaps ELISA (Nordic Bioscience, Inc., Copenhagen, Denmark), CTX-2 levels were measured using the Serum Pre-Clinical Cartilaps ELISA (Nordic Bioscience, Inc.) and amino-terminal propeptide of type 1 procollagen (P1NP) was assayed by mass spectrometry (Han et al. 2007) . Serum PTH in rats was measured by a rat Intact PTH ELISA Kit (Immunotopics, San Clemente, CA, USA), which does not detect the human PTH(1-34) peptide used for injections.
Histomorphometry and pQCT
Tibiae collected after treatment for 3 weeks were dehydrated in acetone and embedded in methylmethacrylate (Sims et al. 2006) . Undecalcified 5 mm longitudinal sections were stained with toluidine blue for histomorphometry of the secondary spongiosa of the proximal tibial metaphysis as previously described (Sims et al. 2004 ). The region measured was a 1 mm long!1.4 mm wide rectangle commencing 1.9 mm below the growth plate to avoid the primary spongiosa, subcortical bone, and trabecular bone newly formed during the 4-week treatment period. Femoral densitometric and geometric parameters were measured by pQCT (Stratec X-CT Research SAC, version 5.5; Pforzheim, Germany) as previously described (Sims et al. 2006) . Briefly, metaphyseal scans of the distal femur were taken at a resolution of 70 mm. Trabecular and cortical measurements (including circumference) were taken at a distance proximal to the distal growth plate of 5 and 25% of the length of the femur, respectively; trabecular bone mineral density (Tb.BMD) was determined as the inner 45% of the total area (peel mode 20). Interassay coefficients of variation were !1%.
RNA isolation from rat femora RNA was prepared from the individual samples collected after the acute treatment study using a QIAGEN RNeasy Lipid Midi Kit after homogenisation in QIAzol Lysis Reagent (Qiagen) with an LS-10-35 Polytron homogeniser (Brinkmann Instruments, Westbury, NY, USA) (Gooi et al. 2010) .
Osteocyte isolation
Calvariae and long bones (femora and tibiae) were removed from 3-, 10-, 27-32-and 49-week-old DMP1-GFP transgenic mice (Kalajzic et al. 2004) . After removal, long bones were flushed and cut into 1-2 cm pieces, then both calvariae and long bones were subjected to seven sequential 15 min digestions in a 2 ml mixture containing 4 mg dispase (Gibco) and 2 mg collagenase type 2 (Worthington, Lakewood, NJ, USA). Previous use of this method, but using only four digests, provided GFPC cells that expressed abundant levels of sclerostin (Gooi et al. 2010) , which, in bone, is expressed only by matrix-embedded osteocytes. Cell fractions one to seven were collected, pooled and resuspended in a-modified Eagle's medium (Gibco) containing 10% FBS and centrifuged. Cells were resuspended, filtered, and sorted for GFP on a FACS Aria (BD Biosciences) as previously described (Gooi et al. 2010) . 100% GFPC cells were used for cDNA preparations; this population made up an average of 1.63% of the sorted calvarial cells (range was !0.1-2.7%) and 0.45% of the sorted long-bone cells (range was !0.1-1.2). To confirm GFP positivity, a separate preparation of GFP cells was examined on an Olympus IX-81 live cell imager.
cDNA preparation and PCR cDNA was prepared from RNA using random hexamers (Promega) and Superscript III (Invitrogen) according to the manufacturer's protocol. Real-time quantitative RT-PCR was carried out using SYBR Green detection on a Stratagene Mx3000P (Invitrogen) as previously described (Gooi et al. 2010) . Cycling conditions were (95 8C for 10 0 ) and (95 8C for 15 00 and 60 8C for 1 0 )!40 cycles, followed by dissociation step (95 8C for 1 0 , 55 8C for 30 00 , and 95 8C
for 30 00 ). The samples were analysed using MxPro Software (Agilent Technologies, Santa Clara, CA, USA) and reported using linear DCt values normalised to hypoxanthine phosphoribosyltransferase 1 (Hprt1). The expression of this housekeeping gene did not differ between experimental groups. Primers for genes of interest are all previously published (Gooi et al. 2010 , Walker et al. 2010 . Expression of the two Calcr gene transcripts Calcr1a and Calcr1b was determined by RT-PCR using primers designed to distinguish the two transcripts based on amplification product size (Calcr1a, 446 and Calcr1b, 557) when run on a 2% TBE agarose gel (Gooi et al. 2010) . Quantitative real-time PCR was carried out as mentioned earlier. Calcr was amplified using the following primers: forward, 5 0 -AGC CAC AGC CTA TCA GCA CT-3 0 and reverse, 5 0 -GAC CCA CAA GAG CCA GGT AA-3 0 . Since
Hprt1 levels were highly variable in cell preparations, a second housekeeping gene, BMS1 homolog (Bms1), a stable and ubiquitously expressed ribosome assembly protein (Karbstein 2007) , was used for the isolated cells using the following primer set: forward, 5 0 -AGA AGT CTA CCC GGG CGC CA-3 0 and reverse, 5 0 -ACC GGC CCA GGT TGT GAA TCT CT-3 0 .
Statistical analyses
All data presented are meanGS.E.M. Statistically significant differences were determined by one-way or two-way ANOVA followed (where significant) by Fisher's protected least significant difference post hoc test. P!0.05 was considered significant. Statistical analyses were carried out using StatView 5.0.1 (SAS Institute, Cary, NC, USA).
Results
In 6-month-old rats, transient inhibition of osteoclasts by co-administration of sCT with PTH did not attenuate the anabolic action of PTH in either SHAM or OVX rats. pQCT of femoral samples detected no significant effect of the low doses of PTH and sCT used in this study on 6-month-old SHAM rats (Fig. 1A) . OVX rats showed a significant (w55%) reduction in Tb.BMD compared with SHAM rats. PTH significantly increased Tb.BMD in OVX rats, while sCT treatment did not significantly alter it. In contrast to our previous observations in young rats (Gooi et al. 2010) , co-administration of sCT with PTH did not modify the anabolic effect of PTH on Tb.BMD (Fig. 1A ).
This result was confirmed by histomorphometry at a second site, the tibia. Here, as expected, trabecular bone volume (BV/TV) and trabecular thickness (Tb.Th) were significantly reduced after ovariectomy (Fig. 1B and C) . In the OVX rat, daily administration of 30 mg/kg of hPTH(1-34) significantly increased BV/TV and Tb.Th, restoring BV/TV to the levels observed in SHAM animals, and increasing Tb.Th to values significantly greater than SHAM while reducing trabecular separation (Tb.Sp; Fig. 1D ). The effect of PTH was less in the SHAM rats, where no increase in BV/TV or Tb.Sp was observed, but there was a significant increase in Tb.Th, indicating a mild anabolic effect (Fig. 1C and D) . Administration of 0.3 mg/kg sCT daily for 4 weeks to SHAM or OVX animals did not significantly modify BV/TV, Tb.Th, Tb.Sp, or trabecular number (Tb.N) in either SHAM or OVX rats (Fig. 1B , C, D, E and F). Co-administration of sCT with PTH did not alter the anabolic response of PTH in either SHAM or OVX rats (Fig. 1B , C, D, E and F).
Dynamic histomorphometric analysis showed that PTH treatment in both SHAM and OVX rats substantially increased bone formation rate ( Fig. 2A) , regardless of whether PTH was co-administered with sCT. The increased bone formation rate related mainly to an increase in mineralising surface (Fig. 2B ), but mineral appositional rate was also increased in OVX rats treated with PTH (Fig. 2C) .
Serum biochemical analysis confirmed inhibition of osteoclast activity by the dose of CT used in this study (Table 1 ). CT treatment with or without PTH co-treatment resulted in significantly reduced levels of serum CTX-1 in both SHAM and OVX animals, indicating successful inhibition of osteoclast activity. Type 2 collagen is the major component of articular cartilage, and its degradation is used as a marker of cartilage breakdown, particularly in osteoarthritis and rheumatoid arthritis (Christgau et al. 2001 , Dam et al. 2009 ). Administration of sCT significantly reduced CTX-2 levels in both SHAM and OVX animals 3 h after the final injection. This effect was greater in OVX animals, indicating that sCT may have protective effects on cartilage degradation, consistent with previous reports (Behets et al. 2004 , Bagger et al. 2005 , Sondergaard et al. 2012 . Administration of PTH in SHAM animals did not significantly alter CTX-2 levels, whereas in OVX animals PTH treatment significantly decreased CTX-2 levels. This data support recent work indicating that administration of PTH has some protective effects on cartilage degradation (Kudo et al. 2011) . This may in part be due to direct effects of PTH/PTHrP in stimulating cartilage formation, as observed at the growth plate (Lanske et al. 1996) . The PTH-induced reduction in CTX-2 in OVX rats was greater when sCT was added, indicating an additive effect (Table 1) .
The bone formation marker serum P1NP was significantly increased in both SHAM and OVX animals 3 h following the last injection of hPTH(1-34), and sCT injection did not alter this marker in either surgical group (Table 1) . This demonstrated that the dose of sCT employed did not affect bone formation on its own. Co-administration of sCT with hPTH(1-34) significantly attenuated the PTH-induced increase in serum P1NP (P!0.05 by two-way ANOVA). Osteocalcin levels were also elevated in SHAM and OVX rats treated with PTH but, unlike P1NP, were significantly reduced by sCT treatment. This is likely to reflect osteocalcin release both from active osteoblasts stimulated by PTH and from osteoclastmediated resorption (Gundberg & Weinstein 1986 , Ivaska et al. 2004 inhibited by sCT. Consistent with this, serum osteocalcin levels with combined PTHCsCT treatment were similar to the levels in vehicle-treated animals.
In our previous study of young rats treated with PTH and sCT, we noted that sCT significantly increased Sost mRNA levels, an effect that may have attenuated the anabolic response to PTH (Gooi et al. 2010) . To determine whether this also occurs in adult OVX rats, we analysed mRNA levels of Sost and other key genes that were regulated by PTH and sCT in that study. As previously observed (Greenfield et al. 1993 , Allan et al. 2008 , administration of a single dose of 30 mg/kg hPTH(1-34) increased interleukin 6 (Il6) and EfnB2 mRNA levels dramatically at 1 h after injection (Fig. 3A and B) . Although PTH significantly reduced Sost mRNA levels at 4 h post-injection, sCT treatment did not influence the expression of this gene (Fig. 3C) . Two other osteocytic genes, Dmp1 and matrix extracellular phosphoprotein (Mepe), were downregulated by sCT administration in young rats (Gooi et al. 2010) . In this study, while Dmp1 mRNA levels were significantly reduced by PTH at 4 h post injection (Fig. 3D ), there were no significant changes in Dmp1 or Mepe mRNA levels in response to sCT (Fig. 3E ).
Since there was no effect of sCT treatment on osteocyte marker genes in the older rats, we sought to identify the expression of Calcr in osteocytes in older rodents. Since digests of bone specimens would contain both osteoclasts, which contain very high numbers of CTR, as well as osteocytes, we FACS-isolated osteocytes from the DMP1-GFP mouse line that expresses the GFP reporter specifically in osteocytes (Kalajzic et al. 2004 ). Our previous observation that the C1a isoform of the CTR transcript is expressed in the osteocytes isolated from calvariae of C57BL/6 neonatal mice (Gooi et al. 2010 ) was confirmed in this more highly purified population extracted from immature 3-week-old male and female mice (Fig. 4A) . Calcr mRNA was also detected in osteocytes isolated from long bones from these mice (Fig. 4A) . However, when samples were collected from male and female 49-week-old mice, while Calcr mRNA was again detected in the osteocytes from calvarial bone it was not possible to detect Calcr mRNA in the isolated osteocytes from the long bones of these older mice (Fig. 4B) .
To further investigate changes in Calcr expression in osteocytes with age, real-time PCR was carried out on these samples and on GFPC osteocytes isolated from calvariae and long bones from 10-, 27-and 32-week-old DMP1-GFP mice ( Fig. 4C and D) . Calcr levels were greater in calvarial osteocytes compared with long-bone osteocytes, particularly in females. While Calcr mRNA was readily detected in osteocytes from both sites in samples from 3-week-old mice (Ct of 28-30), all other ages showed a lower level of Calcr at both sites in both sexes, which reached the lower limit of detection at 49 weeks (Ct of O38). Consistent with the semi-quantitative PCR result, Calcr levels reached the lower limit of detection in long-bone osteocytes from 49-week-old male and female mice. 
Discussion
This study demonstrates that a dose of sCT that is sufficient to suppress osteoclast activity does not significantly attenuate the anabolic effect of PTH in 6-monthold SHAM and OVX rats. This contrasts with our previous observations in young (3-week-old) rats where the effect of PTH on trabecular bone mass was greatly inhibited by a low dose of sCT that both transiently inhibited osteoclasts and increased sclerostin mRNA levels (Gooi et al. 2010) . In both experiments, the proportional reduction in CTX-1 levels was similar (30%). The lack of effect of sCT on PTH action in the older rats may be explained by an age-related reduction in CTR transcription observed in osteocytes of mice between weanling age (3 weeks) and all later time points. This may explain the reduction in the influence of sCT on sclerostin between weanling (3-week-old) and adult (6-month-old) rats. Since osteoclast inhibition by sCT treatment was observed in both young and 6-month-old rats, the ability of sCT treatment to block the anabolic action of PTH only in the young rats may relate to an altered response of osteocytes to sCT. Although these two experiments were not carried out side-by-side, our previous observations in young rats that PTH increased Il6 and EfnB2 expression and reduced sclerostin were confirmed in this study in adult rats, as observed in other models (Greenfield et al. 1993 , Keller & Kneissel 2005 , Allan et al. 2008 . However, the effects of sCT on osteocytic Sost, Mepe, and Dmp1 mRNA levels were strikingly different; while 3-week-old rats treated with sCT displayed increased levels of Sost mRNA, and decreased Mepe and Dmp1 levels (Gooi et al. 2010) , there was no effect of sCT administration on any osteocytic genes in 6-month-old OVX rats. This may be explained by lower osteocytic Calcr expression in the long bones with age. Since it was not possible to study this directly in adult rat bone, due to the difficulties of separating osteocytes from osteoclasts, that express dramatically higher levels of CTR (Gooi et al. 2010) , we used DMP1-GFP mice (Kalajzic et al. 2004) , which allowed purification of osteocytes by sorting for GFP expression. In these cells, isolated from male and female mice, we observed readily detectable Calcr, but osteocytes from older animals expressed Calcr levels that decreased with increasing age.
Our previous work identifying CTR expression in osteocytes made use of calvarial bone specimens in young mice (Gooi et al. 2010) , and the same is true of the work of Paic et al. (2009) that described Calcr in isolated osteocytes. Our current work suggests that CTR expression by osteocytes is not constant, but is reduced as rodents age, most dramatically in the long bones. Agedependent downregulation of CTR isoforms has been reported previously in the kidney, where CTR expression is high during renal development but is strongly reduced between postnatal days 10 and 30 (Tikellis et al. 2003) .
Since young CTR and CT/calcitonin gene-related peptide (CGRP)-deficient mice have been reported to exhibit increased bone formation (Hoff et al. 2002 , Dacquin et al. 2004 , and sCT treatment stimulates levels of sclerostin, a bone formation inhibitor, in both calvariae and long bones of young mice (Gooi et al. 2010) , we can conclude that CT inhibits bone formation in young mice, and that this may be mediated by effects on osteocytes. Age-related downregulation of Calcr in long bones may provide some explanation for age-related phenotypic changes previously reported in the CT/CGRP-deficient mice. Although a high level of bone formation was observed at 1 and 3 months of age (Hoff et al. 2002) , the phenotype is dominated by increased resorption and cortical porosity in the long bones at 12 months of age (Huebner et al. 2006) , presumably due to the lack of CT inhibitory action on osteoclasts. Furthermore, in the long bones, the action of endogenous CT to increase sclerostin in a state of high bone turnover (i.e. in the young animal) may not be necessary in the older animal where the level of bone turnover is significantly lower. CT-induced sclerostin expression in the skull may be necessary to prevent continued bone formation at that site, where sclerostin would not be regulated by the changes in loading that influence its production in other parts of the skeleton (Robling et al. 2006) . The PTH-induced increase in serum P1NP levels was blunted by sCT treatment in both SHAM and OVX rats, indicating a limited inhibitory effect of sCT on the anabolic action of PTH in adult rats. This is consistent with an involvement of osteoclast-derived coupling factors, and the ability of sCT to reduce bone formation through its inhibitory action on osteoclasts. However, this effect was clearly not sufficient to block the anabolic influence of PTH on bone mass over the course of this experiment; a longer-term study might reveal whether there is a slight attenuation of structural effects. Since sCT did not influence osteocytic gene expression in this study, this very mild attenuation may be due to the transient inhibition of osteoclast activity by sCT, and subsequent transient blockade of osteoclast-derived coupling factors.
The participation of osteoclast-derived coupling factors in the anabolic action of PTH may be greater in states of high bone remodelling, as exists in the young animal compared with the adult (Friedl et al. 2007 , McManus et al. 2008 . Notably, other experimental work using mouse models that have indicated a role for active osteoclasts in anabolic action of PTH also focused on young mice (Demiralp et al. 2002 , Koh et al. 2005 . It is also possible that while transient inhibition of osteoclasts is sufficient to block PTH anabolic action in young animals, Semi-quantitative PCR analysis of calcitonin receptor (Calcr) mRNA levels in UMR106.01 cells, brain tissue, cultured osteoclasts (OCL), and GFPC osteocytes isolated by FACS from DMP1-GFP mouse calvariae (Cal) and long bones (LB) of male and female mice at 3 weeks of age (nZ3-4 animals/sex, pooled) (A), and at 49 weeks of age (nZ2 animals/sex, pooled) (B). Lower panels are Hprt1 loading control. (C) Representative phase contrast and FITC images of GFP fluorescence in osteocytes isolated from DMP1-GFP mouse Cal. Scale barZ200 mm. (D) Real-time PCR analysis of Calcr mRNA any osteoclastic contribution to PTH-induced bone formation in older animals may be prevented only by a constant blockade of osteoclast activity. This is what would have been achieved with alendronate treatment in postmenopausal women (Black et al. 2003 , Finkelstein et al. 2010 . Recent data from postmenopausal women have indicated that the combination of PTH (Teriparatide) with each of two more potent osteoclast inhibitors, the bisphosphonate zoledronic acid (Cosman et al. 2011 ) and anti-RANKL antibody (Denosumab) (Tsai et al. 2013) , yielded biochemical marker data indicating that PTHanabolic action was maintained. This might be through an action of PTH on osteoblast lineage cells in the existing BMUs as well as promotion of bone formation at modelling sites. The mechanism by which transient inhibition is capable of reducing PTH-induced bone formation in young rats may relate to the greater number of active bone remodelling units and greater areas of bone modelling present at this age.
Co-administration of sCT with hPTH(1-34) has been reported previously in adult and aged OVX rats; however, the main focus of these earlier works was quite different, to explore whether PTH anabolic action could be enhanced by combining it with osteoclast inhibition (Mosekilde et al. 1994 , Li et al. 1995 , DeLuca & Dani 2001 , Washimi et al. 2007 ). In each of those studies, high doses of sCT (ten-to 30-fold higher than the current study) were used with the aim of increasing bone mass by suppressing osteoclast activity. The key effects observed in the first, and most detailed of these studies (Mosekilde et al. 1994) , was a more rapid increase in bone mass with combination therapy that was not sustained; long-term combination therapy did not differ from the result of PTH treatment alone, indicating that PTH anabolic action is not limited by osteoclast inactivation. In one study, the effects of PTH on mineralising surface were inhibited, indicating that the combination of the two treatments resulted in an antiresorptive effect overall, rather than enhanced anabolism (Washimi et al. 2007 ). In contrast to those studies, the very low dose of CT used in the current study was deliberately chosen to be insufficient to prevent or reverse ovariectomy-induced bone loss, but chosen to transiently inhibit osteoclast activity at the time of PTH administration. The sCT dose we used did significantly inhibit both bone and cartilage resorption, as shown by serum CTX-1 and CTX-2 levels, and significantly reduced bone turnover, as indicated by serum osteocalcin levels. Any effects, therefore, that this dose of sCT might exert on inhibiting osteoclast activity would still occur, providing further evidence that the inhibition of PTH anabolic effects observed in the young mice related specifically to the effect of sCT on the osteocyte.
This study indicates that the previously described mechanism in which sCT treatment induces osteocytic sclerostin production in the young animal (Gooi et al. 2010 ) may reflect a regulatory mechanism that is only applicable in young animals, where CTR is expressed at high levels by osteocytes. We suggest that the effects of endogenous CT or injected sCT on sclerostin may not be observed in the older animal model due to an age-related reduction in osteocytic CTR expression. The high level of CTR expression in osteocytes from young rodents may reflect a developmental role of CTR that limits bone formation, but does not persist through maturity.
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